ABSTRACT Enucleation of L cells leads to loss of the capacity to produce interferon, showing that the cell nucleus is essential for interferon formation. However, when the cells were enucleated while interferon formation was proceeding, the cytoplasts were capable of continuing to synthesize interferon by a process shown to be protein Nearly all mammalian and avian cells produce interferon in response to viruses or double-stranded polyribonucleotides. The process, which is only partially understood, involves activation of a cellular interferon gene, followed by transcription and translation of the mRNA. The scheme, initially formulated as a result of work with metabolic inhibitors (1), has recently been strengthened by two findings: (i) that specific chromosomes are essential for interferon production, presumably because they carry the structural gene for interferon (2, 3) , and (if) that the interferon mRNA, present in induced cells, can be translated' in heterologous tissue culture cells, Xenopus oocytes, and cell-free systems (4) (5) (6) (7) . Little is known about the detailed mechanisms involved, particularly the way in which treatment with virus or polyribonucleotide activates the cellular gene system for interferon. Nor is it known how the process is modulated by priming with interferon (8) , by superinduction with metabolic inhibitors (9) , or by repeated treatment of the cells with inducer-the hyporesponsive process (10) . All these processes are likely to involve subtle nuclear-cytoplasmic interactions, and the enucleation technique using centrifugation in the presence of cytochalasin B (CB) (11) provides a powerful tool for investigating the roles of nucleus and cytoplasm in the control of cellular processes. In particular, it is now possible to reconstruct viable cells by fusing cytoplasts (enucleated cells) to karyoplasts (nucleated cellular fragments) with Sendai virus (12), the cell fragments being derived from the identical or from genetically distinguishable cell parents (13) . We have used the techniques of cell enucleation and reconstruction to study the role of the nucleus during interferon formation and to prepare reconstructed cells capable of making interferon.
MATERIALS AND METHODS
Cells and Viruses. Mouse L cells were grown in Eagle's minimum essential medium supplemented with 10% fetal calf serum (FCS). They were shown to be mycoplasma-free by the uridine phosphorylase method (14) . Newcastle disease virus
The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 (16) . Preparation and Assay of Interferon. Interferon was induced either with NDV or UV-NDV by treatment of L cells with virus for 1 hr at 370 followed by washing with minimum essential medium plus 2% FCS and incubation in the same medium at 37°before the fluids were harvested 24 hr later.
Samples for interferon assay were dialyzed for 5 days against a pH 2 buffer to destroy virus before overnight dialysis against Earle's buffered salt solution and assay.
Interferon was assayed by a micromodification of the viral RNA reduction assay (17) cleated in 25-cm2 flasks by method A described by Veomett et al. (18) . They were reconstructed by adding excess karyoplasts to a monolayer of cytoplasts and using Sendai virus to cause fusion. The karyoplast pellet in each 25-cm2 flask was carefully resuspended in a small volume of the growth medium contaiing CB, the pooled karyoplasts were centrifuged at 500 rpm for 7 min, and the pellet was washed twice with balanced salt solution before resuspension in balanced salt solution (0.6 ml per fusion reaction). Meantime, the cytoplast monolayers were allowed to recover from the effects of CB treatment by incubation in minimum essential medium + 10% FCS for 30-45 min at 370. The medium was removed, ice-cold balanced salt solution was added (2.5 ml per flask), and the flask was put at 40 for 20 f3-propiolactone, so that it no longer caused cell fusion. After this, the virus was removed and the monolayers were washed twice with ice-cold balanced salt solution (5 ml per flask) with vigorous shaking of the flask with each wash. The karyoplasts (0.6 ml of the washed suspension containing karyoplasts from 12 flasks) or control fluid (balanced salt solution) was then added and the flasks were rocked and put at 40 for a further 20 min, the flasks being rocked every 5 min. Then 2.2 ml per flask of minimum essential medium plus 10% FCS warmed to 450 was added, and the flasks were incubated at 370 for 45 min. The flasks were then shaken vigorously, the medium was removed, and the monolayers were washed twice with minimum essential medium + 10% FCS at 370 (5 ml per flask) with vigorous shaking during each wash. Finally, 4 ml of medium plus 0.2 ml of NDV (strain La Sota, 2500 HAU/ml) was added and the flasks were incubated overnight at 370. The fluids were removed, dialyzed at pH 2 for 5 days, and assayed for interferon. The cell sheets were stained with crystal violet, and the percentage of nucleated cells and number of cells per flask were estimated by counting with a microscope at a magnification of X100.
Incorporation of Radioactive Precursors into Whole Cells and Cytoplasts. Cells, or cytoplasts, were incubated with the precursor for the times stated in the text before removal of medium. They were washed three times with ice-cold 0.9% saline, three times with ice-cold 5% trichloroacetic acid, and once with 95% ethanol. The cell sheets were dissolved in 0.25 M NaOH before neutralization, addition of scintillation fluid, and measurement of radioactivity. The protein content of the different preparations was determined according to Lowry et al. (19) , with bovine serum albumin as standard. (Fig. 1) showed that slightly over half the cell protein was lost during enucleation and that the cytoplasts had only about 25% of the protein synthetic activity of the whole cells, but that this activity was only slightly diminished after 10 hr of incubation in growth medium. The cytoplasts were effectively unable to incorporate [14C]uridine or of the product compared with that of egg-grown virus (logio 5.74). Interferon was produced in whole cells in high yield (Fig.  2 left) , but there was also a virus-mediated cytopathic effect, first visible at 14 hr after infection.
Since we did not wish to study interferon production in cells, or cytoplasts, showing visible cytopathic effects, we used UV-NDV, which produced a slightly lower yield of interferon with very similar kinetics without any virus multiplication (Fig. 2  right) . When cells were enucleated either immediately before or immediately after infection with NDV or UV-NDV (strain B1), no interferon was formed ( Table 1) , showing that the nucleus was essential for interferon formation. Enucleation of the cells was responsible for the reduction in interferon yield since neither centrifugation of the cells in the absence of CB nor treatment of the cells with CB in the absence of centrifugation affected the yield of interferon (data not shown).
Enucleation during Interferon Production. Experiments with actinomycin, which inhibits interferon production because Proc. Natl. Acad. Sci (Fig. 3) showed that both cytoplasts and actinomycin-treated cells continued to produce interferon for several hours after enucleation or actinomycin treatment. Comparison of the results obtained at the three different times shows that enucleation, and to a lesser extent actinomycin treatment, at 8 hr after infection caused a reduction in the rate of interferon production. However, the effect of enucleation was less at 10 hr and (Table 2) in which the effect of actinomycin on the yield of interferon between the time of addition and 24 hr was measured. The results (Fig. 2) showed that 10, 20, and 60% of the control amount of interferon was produced when actinomycin was added at 8, 10, and 13 hr, respectively, after induction. At the two earlier times the effect of enucleation on the rate of production was more marked that that of actinomycin. This was probably because, at these times, more of the interferon messenger than at later times is being processed in the nucleus or is perinuclear and is lost from the cell in the karyoplast. It is also clear from the figure that the rate of interferon production first rises, as would be expected early in the production cycle, and then falls, and that the rate of fall is very similar in control, actinomycin-treated, and enucleated cells. Two other experiments showed that interferon production in cytoplasts was the result of protein synthesis. In the first, cycloheximide (100 tig/ml) was added to control, enucleated, and actinomycin-treated cultures immediately after treatment and the rate of interferon production was compared to that in parallel cultures not treated with cycloheximide. Table 3 shows that cycloheximide decreased the rate of interferon production in all three cultures at very similar rates, indicating that protein synthesis was required in each case. The lack of effect of cycloheximide during the first hour of treatment may be due to the time taken for the completed polypeptide to be glycosylated, since it is unlikely that cycloheximide will have any effect on the glycosylation process. A second experiment was designed to test the possibility that the cytoplasts did not synthesize interferon but merely released material present in a large internal pool. Measurement of the intracellular levels of interferon in control, enucleated, and actinomycin-treated cells showed that the levels were low (6-10% of the extracellular levels), and that this figure was very similar for all three sets of cultures at three different times after enucleation or actinomycin treatment (data not shown).
Reconstruction of Interferon-Producing Cells. Sendai virus-induced fusion of cytoplasts and karyoplasts leads to the formation of nucleated cells capable of cell division (12) . In order to use this technique for the study of nuclear-cytoplasmic relationships in interferon-producing cells it was necessary to obtain a high yield of reconstructed cells and to reduce, as far as possible, whole cell contamination of both cytoplasts and karyoplasts. Yields of reconstructed cells varying from 3 to 8% could be obtained by careful attention to the details of the fusion procedure. Photomicrographs of marked microscopic fields confirmed that enucleated cells had fused with karyoplasts to produce nucleated cells. Whole cell contamination of the cytoplasts was estimated by measuring the yield of interferon from cytoplasts that had not been treated with karyoplasts and comparing the yield with that from whole cells. It was assumed that any interferon produced was due to remaining whole cells. Whole cell contamination of the karyoplasts was measured by adding an overinactivated preparation of Sendai virus that was incapable of inducing fusion to the cytoplast/karyoplast mixture and measuring the yield of interferon. Since any whole cells present in the karyoplast preparation would still attach to the plastic support and yield interferon, any increase of interferon yield compared with that of cytoplasts alone was due to the presence of nucleated cells in the karyoplasts. However, when the cells were enucleated while interferon formation was proceeding, the resulting cytoplasts were capable of continuing to synthesize interferon for several hours by a process that was shown to be protein synthesis. This is only the second report of continued synthesis of a cell-coded product in cytoplasts (20) , and clearly demonstrates that the interferon mRNA is in the cytoplasm. Comparison of the effect of actinomycin treatment with that of enucleation at 8 hr after induction (a time when interferon production has just started) showed that enucleated cells subsequently produced interferon at a lower rate than did actinomycin-treated cells. However, at later times the difference was much smaller. The probable explanation of the difference is that the nuclear and perinuclear cytoplasmic material in the karyoplast contains more interferon mRNA at 8 hr after induction than at later times, suggesting movement of the mRNA away from the immediate nuclear region as messenger synthesis slows down. Comparison of the change in the rate of interferon production in enucleated cells with that in actinomycin-treated and in control cells on continued incubation showed that the rate decreased in each case with similar kinetics. The most likely explanation of this is that the interferon mRNA breaks down at similar rates, although whether this is a process that is specific for interferon mRNA and, in particular, whether this breakdown is the explanation of the hyporesponsive effect (10) 
